† Background and Aims Brachypodium distachyon is a temperate grass with a small stature, rapid life cycle and completely sequenced genome that has great promise as a model system to study grass-specific traits for crop improvement. Under iron (Fe)-deficient conditions, grasses synthesize and secrete Fe(III)-chelating agents called phytosiderophores (PS). In Zea mays, Yellow Stripe1 (ZmYS1) is the transporter responsible for the uptake of Fe(III)-PS complexes from the soil. Some members of the family of related proteins called Yellow Stripe-Like (YSL) have roles in internal Fe translocation of plants, while the function of other members remains uninvestigated. The aim of this study is to establish brachypodium as a model system to study Fe homeostasis in grasses, identify YSL proteins in brachypodium and maize, and analyse their expression profiles in brachypodium in response to Fe deficiency. † Methods The YSL family of proteins in brachypodium and maize were identified based on sequence similarity to ZmYS1. Expression patterns of the brachypodium YSL genes (BdYSL genes) were determined by quantitative RT-PCR under Fe-deficient and Fe-sufficient conditions. The types of PS secreted, and secretion pattern of PS in brachypodium were analysed by high-performance liquid chromatography. † Key Results Eighteen YSL family members in maize and 19 members in brachypodium were identified. Phylogenetic analysis revealed that some YSLs group into a grass-specific clade. The Fe status of the plant can regulate expression of brachypodium YSL genes in both shoots and roots. 3-Hydroxy-2 ′ -deoxymugineic acid (HDMA) is the dominant type of PS secreted by brachypodium, and its secretion is diurnally regulated. † Conclusions PS secretion by brachypodium parallels that of related crop species such as barley and wheat. A single grass species-specific YSL clade is present, and expression of the BdYSL members of this clade could not be detected in shoots or roots, suggesting grass-specific functions in reproductive tissues. Finally, the Fe-responsive expression profiles of several YSLs suggest roles in Fe homeostasis.
INTRODUCTION
Grasses acquire iron (Fe) from the soil using a chelation strategy known as Strategy II. Under Fe-deficient conditions, grasses synthesize and secrete Fe(III)-chelating agents called phytosiderophores (PS), also known as mugineic acids (MAs) . PS are derivatives of the non-proteinogenic amino acid nicotianamine (NA), which also functions as a transition metal chelator in plants. After chelation by PS, insoluble Fe(III) in the rhizosphere becomes soluble as Fe(III) -PS complexes. Then, through the action of Yellow Stripe1 (YS1) transporters at the plasma membrane, grasses move these Fe(III) -PS complexes into the root cells (Romheld and Marchner, 1986; von Wiren et al., 1994; Curie et al., 2001; Schaaf et al., 2004; Murata et al., 2006) . The Zea mays ys1 mutant, which lacks the ability to take up Fe(III) -PS complexes, shows severe Fe deficiency chlorosis (yellowing between the veins), and is ultimately lethal, indicating that uptake of Fe(III) -PS is an essential process for maize (Bell et al., 1962; von Wiren et al., 1994; Curie et al., 2001 ). In contrast, plants with T-DNA insertions in Oryza sativa Yellow Stripe-Like15 (OsYSL15), which encodes an Fe(III) -PS transporter in rice that appears to be orthologous to ZmYS1, exhibit Fe deficiency chlorosis, but are viable (Inoue et al., 2009; Lee et al., 2009) . This is consistent with rice's ability to acquire Fe both as Fe(III) -PS and as Fe(II) via IRT-type transporters (Cheng et al., 2007; Walker and Connolly, 2008; Ishimaru et al., 2006) .
The Yellow Stripe-Like (YSL) proteins show strong sequence similarity to ZmYS1, and several are known to be transporters of metal -NA complexes in both monocotyledonous and dicotyledonous plants (DiDonato et al., 2004; Koike et al., 2004; Gendre et al., 2007) . There are eight YSL family members in arabidopsis, while rice has 18 YSL genes (Gross et al., 2003; Koike et al., 2004) . The pattern of expression of the AtYSL genes indicates that transport of metal -NA occurs in diverse cell types in roots and shoots, stems, flowers, fruits and seeds, suggesting that metals are regularly imported into cells as NA complexes (DiDonato et al., 2004; Waters et al., 2006) . Expression of several of the AtYSL genes changes in response to Fe deficiency. Interestingly, the most common change is a decrease in expression during nutrient stress. This pattern is quite different from the pattern exhibited by genes involved in uptake of Fe from the soil, such as ZmYS1 and OsYSL15, which are upregulated by Fe deficiency, presumably as an attempt to increase nutrient uptake during deficiency (Curie et al., 2001; Inoue et al., 2009) . Downregu lation may reflect an attempt to stop Fe sequestration in older tissues and allow Fe to be moved into other, less nutrient-replete plant parts (DiDonato et al., 2004; Waters et al., 2006) . Expression levels of AtYSL1 and AtYSL3 increase in senescing leaves, suggesting a role in Fe remobilization from old leaves to reproductive parts (DiDonato et al., 2004; Waters et al., 2006; Chu et al., 2010) . Likewise, the activity of some rice YSL promoters in floral parts and developing seeds suggests functions in translocation of Fe into the seeds (Bughio et al., 2002; Ishimaru et al., 2006 Ishimaru et al., , 2007 Aoyama et al., 2009; Lee et al., 2009) .
A complete genome sequence, short generation time, fecundity, small stature and a diverse array of molecular genetic tools developed by a large research community have made Arabidopsis thaliana a key species for the discovery of molecular mechanisms of plant growth and development (Arabidopsis Genome Initiative, 2000) . However, as a dicotyledonous plant, arabidopsis is only distantly related to the grass family (Poaceae) and lacks many biological features of monocotyledonous grass crops. In particular, the distinct characteristics of dicots related to agricultural traits can be difficult to apply to the domesticated cereal crops. Rice has been developed as a model grass species and is a major resource to study grass crop genomics (International Rice Genome Sequencing Project, 2005) . Although the rice genome sequence is available, and molecular genetic resources are rapidly developing, rice has disadvantages as a model organism for functional genomics owing to its large stature and long life cycle. Although the mechanisms of Fe uptake and translocation in rice are undeniably important because of rice's status as a major grain crop, rice is imperfect as a model for grass-specific processes related to Fe nutrition and uptake studies. Although rice synthesizes (Kobayashi et al., 2005) , secretes (Nozoye et al., 2011) and uses (Walker and Connolly, 2008 ) PS, rice is normally grown under submerged conditions where Fe(II) is more abundant than Fe(III), and has thus evolved an Fe(II) transport mechanism that is similar to the Strategy I Fe uptake mechanism of non-grasses (Bughio et al., 2002; Ishimaru et al., 2006) . Therefore, there is a need for a grass species that has the characteristics of a model organism, and at the same time represents the Fe homeostasis characteristics of important grain crops such as wheat, barley and corn.
Brachypodium distachyon (hereafter referred to as brachypodium) has many physical and genetic attributes that make this species a very attractive model system to study grass-specific biological processes. It is evolutionarily closely related to wheat and barley, and can efficiently be transformed (Kellogg, 2001; Vogel and Hill, 2008) . Maintenance requirements for brachypodium are undemanding and growth is simple under controlled environments. The rapid life cycle of brachypodium is similar to the short generation time of arabidopsis. It has a small nuclear genome and the complete genome sequence is available (International Brachypodium Initiative, 2010) . Therefore, brachypodium fills a gap in grass crop research.
Our aim is to establish brachypodium as a model plant to study the comparative genomics of Fe distribution and translocation in grasses. For this purpose, members of the YSL family of transporter proteins in brachypodium (BdYSLs) were identified. A total of 19 predicted brachypodium proteins that showed strong, full-length similarity to the maize YS1 protein were identified. These sequences were used in a phylogenetic analysis that shows four distinct YSL clades. Three of the clades are found in both grasses and in the non-grasses arabidopsis, Glycine max and Medicago truncatula, while one of the clades is specific to grass species (brachypodium, rice and maize). Expression of brachypodium YSL genes in the roots and shoots of Fe-sufficient and Fe-deficient plants was analysed. We also characterized PS secretion rhythm and the types of PS released from brachypodium roots under Fe-deficient conditions.
MATERIALS AND METHODS

Plant material
Seeds of brachypodium inbred line Bd21-3 were sterilized in 15 % bleach plus 0 . 1 % Triton X-100 for 30 min. After soaking in the bleach solution the seeds were rinsed with sterile distilled water (Huo et al., 2006) . Sterilized seeds were cold treated at 4 8C for 7 d in order to synchronize germination. The seeds then were germinated on moistened clay balls (Hydroton) in mesh pots. When seedlings emerged, the pots were placed in a semi-aeroponic culture set-up in which modified Hoagland's medium [1 mM KH 2 PO 4 ; 3 . 75 mM KOAc; 5 mM Ca(NO 3 ) 2 ; 1 . 25 mM KNO 3 ; 2 mM MgSO 4 ; 3 . 75 mM NH 4 OAc; 46 mM H 3 BO 3 ; 9 . 1 mM MnCl 2 ; 0 . 77 mM ZnSO 4 ; 0 . 32 mM CuSO 4 ; 0 . 83 mM H 2 Mo 4 ; 100 mM FeSO 4 ; 100 mM EDTA] was continuously sprayed onto the growth substrate. Nutrient solutions were changed every 2 d. For the first 2 d, plants were grown in half-strength nutrient solutions in order to avoid root burn in the young seedlings; after 2 d, fullstrength nutrient solutions were used. Plants that were used for the Fe deficiency experiment received Fe for the first week of growth to allow strong root development. Then the plants were grown in nutrient solution with no added Fe for 10 d. Plants were grown at 20 8C with 20 h of light at 200 mE, and 4 h of darkness in controlled growth chambers. After 17 d of growth, the shoots and roots were harvested separately and used for downstream expression analysis.
Identification of BdYSLs
Brachypodium YSL family members were identified by comparing six frame translations of the 8× complete, assembled brachypodium genome sequence with the maize YS1 protein sequence using the TBLASTN algorithm (Altschul et al., 1990 (Altschul et al., , 1997 . For each of the predicted proteins identified, N-and C-terminal amino acid sequence similarity analysis was further examined to make certain that we obtained full-length protein sequences for all the brachypodium YSL family members. Gene models were carefully examined by analysing multiple sequence alignments of brachypodium YSL protein sequences with maize, rice and arabidopsis YSLs. The accuracy of gene models was also confirmed by searching full-length genomic DNA sequences against brachypodium expressed sequence tag (EST) sequences in GenBank. Full-length cDNAs corresponding to two candidate ZmYS1 orthologues, BdYS1A (GenBank accession no. HM443950) and BdYS1B (GenBank accession no. HM443951), and to BdYSL9 (GenBank accession no. HM443952) were cloned. Full-length cDNA fragments of each gene were amplified from brachypodium root cDNA using primers: BdYS1A-forward 5'CTGCGCGGAGACAA GACAGGAAG3', BdYS1A-reverse 5'AAGGTCGAGCACCA AGGAACCTG3', BdYS1B-forward 5'CGCGGAGACTGAG GAGAGCAAG3', BdYS1B-reverse 5'TTTCAGTTGAACA TCCATGAAATTGA3', BdYSL9-forward 5'TAAGGAGGC GGAGGGAGCAAAC3' and BdYSL9-reverse 5'TGCACAAC TTCAGACATGGTCCAC3'. After cloning into the pCR8/ GW/TOPO TA vector (Invitrogen, Carlsbad, CA, USA) fulllength cDNAs of each gene were fully sequenced.
Yeast functional complementation
Full-length cDNAs for BdYS1A and BdYS1B in the pCR8/ GW/TOPO TA vector were used as entry clones in Gateway LR recombination reactions (Invitrogen). Gateway reading frame cassette A was introduced into the yeast expression vector pYES6/CT using the NotI site, and used as the destination vector in LR reactions. Iron transport-deficient Saccharo myces cerevisiae strain DEY1453 (MATa/MATa ade2/ADE2 can1/can1 his3/his3 leu2/leu2 trp1/trp1 ura3/ura3 fet3-2::HIS3/fet3-2::HIS3 fet4-1::LEU2/fet4-1::LEU2) was transformed with pGEV-Trp (Gao and Pinkham, 2000) together with pYES6/CT or pYES6/CT expressing BdYS1A, BdYS1B or OsYSL15 as a positive control (Lee et al., 2009) .
For complementation assays, SD-Trp medium was made with a yeast nitrogen base formulated without added Fe, and buffered with 25 mM MES at pH 6 . 0. A 17 mL aliquot of 7 . 4 mM FeCl 3 and 25 mL of 10 mM 2'-deoxymugineic acid (DMA) were placed in the centre of each empty plate and incubated at room temperature for 10 min. A 25 mL aliquot of molten SD-Trp with 10 nM b-oestradiol was then added to the plates before solidification.
Suspensions were prepared from 3-day-old yeast colonies that were removed from the plates and suspended in sterile H 2 O. The OD 550 of the resulting suspension was measured, and the suspension was brought to 0 . 1 OD 550 . Serial dilutions (1:10, 1:100 and 1:1000) of the suspension were prepared, and 8 mL of each dilution was spotted on the plates. Plates were then grown at 27 8C for 5 d.
Identification of maize YSL genes
Using the ZmYS1 complete protein sequence as a query, TBLASTN (Altschul et al., 1990 (Altschul et al., , 1997 was used to identify maize YSL genes represented on bacterial artificial chromosome (BAC) clones in the Genbank High Throughput Genomic Sequences (HTGS) data set. The N-and C-termini of each matching sequence were carefully examined to determine that all identified genes were full length. Four of the originally identified putative maize genes contained mutations encoding frameshifts and/or stop codons. These were deemed to be pseudogenes (Table 3) , and were not included in downstream analyses. Putative full-length cDNAs were identified from the maize EST collections, and were obtained from the Arizona Genomics Institute (http://www2.genome. arizona.edu/genomes/maize). Complete sequencing of maize cDNAs corresponding to ZmYSL1 (GenBank accession no. BT063894), ZmYSL2, ZmYSL3 (GenBank accession no. BT086561), ZmYSL6 (GenBank accession no. BT034471), ZmYSL11 (GenBank accession no. HM444829), ZmYSL11A (GenBank accession no. BT084965), ZmYSL12 (GenBank accession no. HM444830), ZmYSL14A (GenBank accession no. HM444831) and ZmYSL17 (GenBank accession no. HM444832) was performed to determine the sequence of these ZmYSL proteins. Neither of the ZmYSL2 cDNA clones sequenced (ZM_BFb0209B17 and ZM_BFb0331015) was found to be full length. Gene models were developed for the other maize YSL genes (ZmYSL5, ZmYSL10, ZmYSL13, ZmYSL14 and ZmYSL18) by comparing the genomic sequences either with EST sequences corresponding to each gene (when available) or with YSL proteins from other species.
Phylogenetic tree
Multiple alignment of protein sequences was performed using ClustalW (Thompson et al., 1994) . Alignments of the amino acid sequences were checked and refined by eye. The unrooted tree was generated by the Neighbor -Joining method using MEGA5 (Tamura et al., 2011) , and 1000 bootstrap replicates were performed. Also incluced in the analysis were the YSL proteins from Physcomitrella patens (Pp111567 and Pp122023), Selaginella moellendorffii (Sm179245 and Sm269976), M. truncatula (Mt1g008570, Mt1g008580, Mt1g008620, Mt1g008640, Mt3g123340, Mt5g098780, Mt6g089710 and Mt7g018260) and G. max (Gm04g41020, Gm06g13820, Gm09g29410, Gm10g31610, Gm11g31870, Gm13g10410, Gm16g05850, Gm16g33840 and Gm17g26520).
PCR
Total RNA was extracted from frozen tissues using the Qiagen RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). RNA samples were then treated with RNase-free DNase I (Ambion, Austin, TX, USA) to remove contaminating genomic DNA. The integrity of RNA samples was examined by reverse transcription -PCR (RT -PCR) before carrying out quantitative real-time PCRs (qRT-PCRs) as described previously (Hong et al., 2008) . First-strand cDNA was synthesized from 600 ng of total RNA using SuperScriptIII reverse transcriptase (Invitrogen) and oligo(dT) primers. Reactions without reverse transcriptase were also used for each sample in order to detect any genomic DNA contamination. Equal amounts of each reverse transcription reaction were used as templates for PCR amplifications.
BdUBC18 and BdGAPDH were used as reference genes to normalize qRT-PCR gene expression data. For qRT-PCR analyses of BdYSL genes, the QuantPime primer design tool (Arvidsson et al., 2008) was used whenever possible. Primer sets used for amplification of BdYS1A and BdYS1B were designed using Primer3 software (Rozen and Skaletsky, 2000) because these genes are incorrectly annotated in the brachypodium reference genome sequence as a single gene, making the primers specified in QuantPrime incorrect. Primers used in this study are listed in Table 1 . Primer efficiencies of each gene and housekeeping genes were determined empirically by amplifying serial dilutions of the appropriate cDNA template with each primer set.
Brilliant II SYBR Green QPCR Master Mix (Stratagene, La Jolla, CA, USA) was used to carry out qRT-PCRs. The two-step thermal cycling profile used was 15 min at 95 8C, followed by 40 cycles of 10 s at 95 8C, 30 s at 60 8C. Following amplification, melt curves were performed to verify that a single product was amplified. All qRT-PCRs were carried out using at least three technical replicates.
The final threshold cycle (Ct) values were the mean of at least three replicates. The comparative DCt method was used to evaluate the relative quantities of each amplified product by comparing the Ct values of the samples of interest with a reference (calibrator) sample. The Ct values of both the reference samples and the samples of interest were normalized to BdUBC18 and BdGAPDH, and primer efficiencies were taken into account using the geNorm algorithm (Vandesompele et al., 2002) . A negative control with water instead of cDNA was included for each qRT-PCR set.
Collection and analysis of root exudates and identification of phytosiderophores
Plants were germinated in the dark at 22 8C on a mesh in contact with deionized water. After germination, seedlings were cultured in 1/5 Hoagland solution in a growth chamber (22 8C day/18 8C night, 14 h/10 h). The nutrient solution was renewed every 3 d. After 16 d of culture, the seedlings were transferred to 1/5 Hoagland with or without Fe and used for the following experiments.
The root exudates were collected from 45-day-old seedlings, which had been subjected to Fe deficiency for 2 weeks. On the day before exudate collection, roots were washed with deionized water twice, and then placed in a pot containing 1 . 2 L of deionized water. Collection of the root exudates was started at 1730 h in a growth chamber (20 8C day/15 8C night). At 2 h intervals during the day, the exudate solution was removed and roots were transferred to fresh deionized water for a total period of 24 h. No antimicrobial reagent was used during collection of root exudates since this could affect the biosynthesis of PS. Instead, the roots were kept very clean by changing the solution frequently. The root exudates collected were immediately passed through a cation exchange column (16 mm × 14 cm) filled with Amberlite IR 120B (H + form, Organo Co., Tokyo, Japan) and eluted with 2 M NH 4 OH (Ma et al., 2003) . The eluates were concentrated by using a rotary evaporator at 40 8C. After the residues were dissolved in 1 mL of distilled water, the type and amounts of 
PS were determined by high-performance liquid chromatography (HPLC) using a cation exchange column (Shim-Pack, Amino-Li; Shimadzu Co., Kyoto, Japan) according to Ueno et al. (2007) . Phytosiderophores [epi-3-hydroxy-2'-deoxy mugineic acid (epiHDMA), HDMA, epi-hydroxymugineic acid (epiHMA), HMA, MA and DMA] used for standards were obtained from our previous studies (Ma et al., 2003; Ueno et al., 2007) . Their purity and structures have been confirmed by nuclear magnetic resonance (NMR). The concentration was calculated based on the peak area of HDMA on the HPLC traces. Purified PS were used for comparison of retention times.
RESULTS
Identification of brachypodium and maize YSL family members
The amino acid sequence of ZmYS1 shows strong similarity to 19 predicted brachypodium proteins (Table 2) . Brachypodium YSLs showed 57-88 % sequence similarity to ZmYS1 (Table 2 ). In the maize genome, 18 potential YSL family members were identified. Nine of these had apparently fulllength cDNA clones available, and these were sequenced (Table 3) . Sequencing revealed that four YSLs in the reference maize line, B73, contain frameshift mutations leading to early stop codons, which would presumably prevent translation of a functional protein. Therefore, these were not included in further analyses, and are listed as pseudogenes (Table 3) . Maize YSLs showed 54-87 % sequence similarity to YS1 (Table 3 ). The nomenclature of YSL proteins in the literature is imperfect. The eight arabidopsis YSL proteins were first identified according to their similarity to maize YS1 protein and named AtYSL1 -AtYSL8 (Curie et al., 2001) . Originally, 18 rice YSL genes were identified based on sequence similarity to maize YS1 and designated OsYSL1 -OsYSL18 (Gross et al., 2003) but in a subsequent study of the OsYSL family in rice they were renamed (again as OsYSL1 -OsYSL18) (Koike et al., 2004) . These are the names that have been commonly used in the literature. However, arabidopsis and rice YSL family members are not given names in accordance with their phylogenetic relatedness, or their functional similarities. In this study we aimed to overcome this disorder in the literature by designating names for brachypodium and maize YSL members as closely as possible according to their phylogenetic relationship to the arabidopsis and rice YSLs. We have named the two genes most closely related to ZmYS1, HvYS1 and OsYSL15 as BdYS1A and BdYS1B. The remainder of the family members are called YSLs and are given numbers that best match the numbers of the the closest related genes in arabidopsis or rice. In cases where two very closely related genes are found in a species, we designated the genes 'A' and 'B', e.g. BdYSL6A and BdYSL6B, which are present as a tandem repeat on brachypodium chromosome 5. The complete genome sequences of O. sativa, Z. mays and B. distachyon are available. We included the YSLs of these three species as well as those from the model dicot A. thaliana, M. truncatula and G. max in a phylogenetic analysis. The moss P. patens (Pp111567 and Pp122023) and the lycopodium S. moellendorffii (Sm179245 and Sm269976) each have two YSL genes, which were also included in the analysis. Four clades were observed, one of which is found only in the grass species (Fig. 1, orange clade) . Most of the BdYSLs identified are closely related to a single rice YSL (OsYSL) and a single maize YSL (ZmYSL), indicating the close relationship between individual members of the family in these grasses. Grass YSLs and dicot YSLs fall into discrete sub-clades within two of the major clades containing both grass and non-grass members (Fig. 1, pink and green clades). One of the largest clades (Fig. 1, pink) contains the YSLs that are most closely related to the founding member of the family, ZmYS1. The proteins from P. patens and S. moellendorffii fall into a single clade, which is thus apparently the most basal clade of the YSL family (Fig. 1, blue  clade) . The single grass-specific clade is phylogenetically distant from the other three clades (Fig. 1, orange clade) .
Brachypodium YS1 orthologues
The in silico analysis of the YSL family of brachypodium revealed that there are two genes in brachypodium that are most likely to be YS1 orthologues. We designated these proteins as BdYS1A and BdYS1B. Both of these genes show strong sequence similarity and are closely related to ZmYS1, HvYS1 (Murata et al., 2006) and OsYSL15 (Fig. 1) . Moreover, the map positions of these genes (on chromosome 3 of brachypodium) are syntenic with OsYSL15 of rice (on choromosome 2) and with ZmYS1 of maize (on chromosome 5). BdYS1A and BdYS1B share strong DNA-level similarity (88 %) that includes both coding sequences, most introns (the exception is a single intron in BdYS1B that is not present in BdYS1A) and the 5 ′ untranslated regions (UTRs; Fig. 2) . The 3 ′ UTRs of the two genes are distinct. One of the two putative brachypodium YS1 genes (BdYS1B) may be non-functional. Two features lead us to this conclusion. First, this gene has an unusual, approx. 400 bp long duplication of sequence that encompasses all of the final intron and the 5 ′ portion of the final exon of the gene (Fig. 2) . Using RT -PCR, cDNA clones of BdYS1B were obtained that have the duplicated exon sequence, which adds approx. 100 amino acids to the protein. It is not known whether such a large insertion of sequence would cause the encoded protein to become non-functional. A second unusual feature of BdYS1B is the retained intron that is found in the majority of cDNAs we have cloned. The presence of the intron would cause a premature stop in the protein, which would almost certainly lead to a non-functional product. However, we were able to detect and clone the fully spliced version of BdYS1B mRNA, so the intron is not always retained.
BdYS1A and BdYS1B are regulated by iron
The Fe status of the plant influences the expression of the YS1 genes in maize, barley and rice (Curie et al., 2001; Koike et al., 2004; Murata et al., 2006; Inoue et al., 2009; Lee et al., 2009; Ueno et al., 2009) . ZmYS1 mRNA and protein levels were strongly elevated in both leaves and roots of Fe-starved plants Ueno et al., 2009) , and OsYSL15 appears likewise to be upregulated in both leaves and roots during Fe deficiency (Lee et al., 2009) . The barley YS1 orthologue HvYS1 was expressed exclusively in the roots, and expression increased in Fe-deficient roots (Murata et al., 2006; Ueno et al., 2009) . To determine whether Fe regulates the expression of BdYS1A and BdYS1B, we performed qRT-PCR analysis. Since there is strong sequence similarity between the two genes, we designed primer pairs corresponding to the 3 ′ UTR of each gene to ensure gene-specific amplification. After a period of 10 d of Fe starvation, plants were harvested and transcript levels of both genes were measured in shoots and roots of Fe-sufficient and Fe-deficient plants. Levels of both genes were extremely low in shoots, and there was no notable increase in the transcript levels in the shoots under Fe-deficient conditions for either BdYS1 gene (Fig. 3A) . Quantitative analysis of mRNA levels of both BdYS1 genes in roots revealed that the transcript level of BdYS1A is significantly higher than that of BdYS1B (165-fold higher in Fe-sufficient roots, P , 0 . 01; 340-fold higher in Fe-deficient roots, P , 0 . 01; Fig. 3B ). Expression of both BdYS1A and BdYS1B was upregulated in the roots under Fe-deficient conditions, as expected for a YS1 gene (Fig. 3A) . Expression of BdYS1A was prominently induced in the roots of Fe-deficient plants compared with Fe-sufficient plants (5 . 7-fold, P , 0 . 01). On the other hand, BdYS1B expression was only moderately elevated (2 . 7-fold; P , 0 . 01; Fig. 3A ).
Transport activities of BdYS1A and BdYS1B
The Fe transport abilities of BdYS1A and BdYS1B were tested using the Fe uptake-defective yeast strain fet3fet4. The mutant strain was transformed with BdYS1A-or BdY S1B-expressing plasmids, or with the OsYSL15-expressing plasmid as a positive control (Lee et al., 2009) . The empty vector pYES6/CT was used as a negative control. In order to control the level of expression in yeast, a b-oestradiol-inducible system was used (Gao and Pinkham, 2000) . Viability of the strains was shown by growing them on medium with 50 mM iron citrate permissive conditions (Fig. 4A) . To test whether BdYS1A and BdYS1B are able to transport Fe 3+ , the strains were grown on medium with FeCl 3 (no PS and no YS1 gene expression; Fig. 4B ), FeCl 3 plus b-oestradiol (no PS and the YS1 gene is expressed; Fig. 4C ), FeCl 3 plus DMA (PS present, but no YS1 gene expression; Fig. 4D ) and FeCl 3 plus DMA and b-oestradiol (PS present and the YS1 gene is expressed; Fig. 4E ). The results indicate that BdYS1A complemented yeast growth only when FeCl 3 was supplied along with DMA and b-oestradiol in the medium (Fig. 4E) . When b-oestradiol was withheld from the medium the yeast strain was unable to grow, showing its dependence on BdYS1A expression (Fig. 4D) . BdYS1B did not complement yeast growth in any of the test conditions, indicating that BdYS1B is not capable of transporting Fe-PS complexes, and is, as suspected, a defective gene ( pseudogene).
Expression patterns of BdYSLs in response to iron
Among the 19 YSL genes, BdYS1A, BdYS1B, BdYSL1, BdYSL2, BdYSL3 and BdYSL9 are phylogenetically grouped together in a clade that contains both grass and non-grass members, and includes the founding member ZmYS1 (Fig. 1,  pink clade) . BdYSL6A, BdYSL6B and BdYSL4 genes belong to a distinct clade that is also conserved in both non-grasses and grasses (Fig. 1, blue clade) . This clade appears to be the basal clade for the YSL family, since the YSLs from P. patens and S. moellendorffii are also members of this clade. BdYSL5, BdYSL10, BdYSL11, BdYSL12, BdYSL13 and BdYSL14 are grouped together in a third large clade containing both grass and non-grass members (Fig. 1, green clade) . Finally, BdYSL15, BdYSL16, BdYSL17 and BdYSL18 are members of the grass-specific clade (Fig. 1, orange clade) . Expression of the BdYSL genes was evaluated by qRT-PCR analysis in the roots and shoots of Fe-sufficient and Fe-deficient plants (Fig. 5) .
In shoots, expression of BdYSLs was either downregulated by Fe deficiency or unchanged. BdYSL3 showed the strongest change in shoots in response to deficiency, with a 6 . 2-fold (P , 0 . 01) reduction in mRNA level. Smaller reductions in the transcript levels of BdYSL1 (2 . 2-fold, P , 0 . 01) and BdYSL2 (1 . 9-fold, P , 0 . 05) were also observed in Fe-deficient shoots. This pattern of downregulation is similar to that of arabidopis YSL1, YSL2 and YSL3 genes, which belong to the same clade. This pattern may be indicative of a role in unloading of Fe from vascular regions (DiDonato et al., 2004). BdYSL11, BdYSL15, BdYSL16, BdYSL17 and BdYSL18 transcripts were not detected in shoots. Other BdYSL genes did not display notable changes in expression in Fe-deficient shoots (Fig. 5A ).
In the roots, Fe-regulated expression was observed for BdYSL6A, BdYSL6B, BdYSL9 and BdYSL13 (Fig. 5A) . BdYSL6A, BdYSL6B and BdYSL9 mRNA levels were elevated by 2 . 6-(P , 0 . 01), 6 . 5-(P , 0 . 01) and 11 . 9-fold (P , 0 . 01), respectively, in Fe-starved roots (Fig. 5A) . The BdYSL13 mRNA level was reduced 1 . 9-fold (P , 0 . 01) in response to Fe deficiency. No expression was detected for BdYSL10, BdYSL11, BdYSL15, BdYSL16, BdYSL17 and BdYSL18 in roots.
The relative level of expression for each YSL was examined in order to determine which BdYSL genes are most abundantly expressed in each organ (Fig. 5B ). BdYSL6A and BdYSL9 mRNA levels are highest among the members of the BdYSL family (excluding BdYS1A and BdYS1B). BdYSL9 had the highest transcript level of any BdYSL under Fe-deficient conditions in roots (Fig. 5B) , indicating a potential role in Fe acquisition. However, we note that BdYS1A is expressed at higher levels than BdYSL9 (4 . 8-fold higher in Fe-sufficient roots, P , 0 . 01; 2 . 3-fold higher in Fe-deficient roots, P , 0 . 01). The BdYSL6A expression level was high under all conditions tested, with the highest expression in Fe-deficient roots. BdYSL5 and BdYSL10 mRNA levels were the lowest among the BdYSL genes (Fig. 5B) . Expression of various BdYSL genes differs by up to 5000-fold.
Phytosiderophores in brachypodium
In Strategy II plants, there is a positive correlation between the amount of PS released and the tolerance of plants to Fe deficiency (Marschner, 1995) . Rice, sorghum and maize secrete only small amounts of DMA, while barley secretes large amounts of PS including MA, HMA and epiHMA (n ¼ 3). * Minimum 2-fold difference and P , 0 . 05; **minimum 2-fold differenceand P , 0 . 01. (Mori et al., 1987; Kawai et al., 1988; Ma and Nomoto, 1993) . For several grasses, it has been demonstrated that secretion of PS follows a distinct diurnal rhythm (Tagaki et al., 1984; Romheld and Marchner, 1986; Ueno et al., 2009) . To characterize brachypodium as a model species to study Fe homeostasis in grasses, we investigated the secretion rhythm and the types of PS secreted by brachypodium. In Fe-deficient brachypodium, PS secretion from roots follows a diurnal rhythm (Fig. 6 ). With daybreak occurring at 0730 h, secretion reached a peak during 1130 -1330 h. The types of PS secreted by brachypodium plants were also identified using HPLC analysis. Comparison of the retention times with those of identified PS showed that brachypodium secreted HDMA, epiHDMA and DMA, with HDMA being the major Fe(III)-chelating compound secreted (Fig. 7) .
DISCUSSION
The emerging model species brachypodium is an extremely promising model that can be used to enhance research into grass-specific traits. Since the Fe uptake strategy (Strategy II) and Fe translocation in grasses differ from those of nongrasses, brachypodium represents a good model system for elucidation of grass-specific aspects of Fe homeostasis. In this study we aimed to identify YSL family members in brachypodium and maize that show strong sequence similarity to the maize YS1 protein, and are believed to be involved in maintaining proper homeostasis of Fe and other transition metals in both grasses and non-grasses. Our analysis has revealed that there are 19 members of this family in brachypodium (Table 2 ) and 18 members in maize (Table 3) .
The phylogenetic analysis presented here includes the complete YSL families of three grass species: brachypodium, rice and maize, thus expanding a previous phylogenetic analysis using rice as the sole representitive of a grass (Curie et al., 2009) . According to phylogenetic analysis, land plant YSLs can be grouped into four major clades. Only one of these clades is grass specific, and includes YSLs from brachypodium, maize and rice (Fig. 1, orange  clade) . This clade is also phylogenetically distant from the other three clades, which suggests that these YSLs might perform exclusive functions in grasses. Information about members of this clade is currently very limited, as only one, OsYSL18, has been studied. Interestingly, OsYSL18 appears to transport Fe(III) -PS, but not complexes of other metals or metals with NA (Aoyama et al., 2009) . In a recent microarray study in which genome-wide expression data throughout the life cycle of rice plants were generated, OsYSL genes of this grass-specific clade (Fig. 1 , orange clade) were shown to be expressed only in reproductive tissues, mainly in stamens (Wang et al., 2010) . These results correspond to our findings that none of these BdYSL genes could be detected in shoots or roots, and suggest unique roles for these YSLs in reproductive tissues. In addition to their potential role(s) in reproductive structures, the YSLs in this clade are used only under very specific conditions such as heavy metal stress, or other biotic or abiotic stresses. The other three major clades include YSLs from both grasses and non-grasses. The largest group includes YSLs that cluster with the founding member of the YSL family, ZmYS1 (Fig. 1, pink Interestingly, the expression patterns of BdYSL1, BdYSL2 and BdYSL3 were well correlated with those of arabidopsis YSL1, YSL2 and YSL3 (Fig. 5A ). These genes are downregulated in response to Fe deficiency (DiDonato et al., 2004; Waters et al., 2006) , particularly in shoots. In arabidopsis, this downregulation is hypothesized to indicate a role in xylem unloading, which is downregulated in mature leaves to allow Fe to be carried more efficiently into younger tissues. Future studies regarding the cell type-specific expression and mutant phenotypes of BdYSL1, BdYSL2 and BdYSL3 may elucidate whether these genes have similar roles in Fe homeostasis in brachypodium. Previous studies have identified maize YS1 orthologues in barley (Murata et al., 2006) and rice (Inoue et al., 2009; Lee et al., 2009 ). ZmYS1 and HvYS1 are localized at the root epidermal cells (Murata et al., 2006; Ueno et al., 2009) and are responsible for transport of Fe(III) -PS complexes. Expression analysis showed that HvYS1 is mainly expressed in the roots, and expression levels were significantly elevated in response to Fe deficiency (Murata et al., 2006) . In rice, OsYSL15 was identified as the Fe -PS transporter that is responsible for Fe acquisition. It has been demonstrated that OsYSL15 expression was strongly upregulated in Fe-deficient roots, but not in leaves (Inoue et al., 2009) . In contrast, Lee et al. (2009) showed that in a different rice cultivar, expression of OsYSL15 is upregulated in both shoots and roots. Genetic variation between cultivars may explain the differences between the two studies. We identified two different genes, BdYS1A and BdYS1B, as orthologues of ZmYS1. Both genes are upregulated under Fe-deficient conditions only in roots. However, transcript levels of BdYS1B are much lower than those of BdYS1A (Fig. 3B) , and BdYS1B is not capable of complementing the growth defect of Fe uptake-deficient yeast (Fig. 4) . The presence of a repeated exon sequence, a retained intron, low expression levels and weak induction of BdYS1B in response to Fe deficiency show that BdYS1B is most probably nonfunctional. BdYS1A is the Fe(III) -PS transporter that is responsible for iron uptake in brachypodium.
Many of the brachypodium YSL genes identified are closely related to a single maize and single rice gene, suggesting functional conservation of each YSL family member. Surprisingly, the patterns of expression observed for several BdYSL genes did not correlate well with the patterns observed for the corresponding rice YSL genes reported in the literature. OsYSL2 and BdYSL2 have opposite patterns of regulation during Fe deficiency: OsYSL2 is upregulated (Koike et al., 2004) , whereas BdYSL2 is downregulated by Fe deficiency. Apparent orthologues OsYSL16 and BdYSL3 (Fig. 1) again show marked differences: BdYSL3 showed a 6-fold downregulation in Fe-deficient shoots, while OsYSL16 expression did not change in shoots or roots (Lee et al., 2009) or was even increased in roots (Inoue et al., 2009) . Both BdYSL1 and BdYSL9 are phylogenetically grouped with OsYSL9 (Fig. 1) . OsYSL9 transcript levels increase under Fe deficiency, particularly in shoots (Lee et al., 2009) , while BdYSL1 transcript levels decreased in Fe-deficient shoots. BdYSL9 expression did increase in response to Fe deficiency, but the increase was observed in roots, not in shoots (Fig. 4) . Iron deficiency slightly reduced expression of OsYSL6 in rice roots (Koike et al., 2004; Inoue et al., 2009 ), but both BdYSL6A and BdYSL6B expression levels were higher in Fe-deficient roots (Fig. 5A ). The differences in expression profiles of some of the related rice and brachypodium YSL genes may be due to rice's ability to use either Fe(II) -PS (taken up through OsIRT1 and OsIRT2; Bughio et al., 2002; Ishimaru et al., 2006) or Fe(III) -PS (taken up through OsYSL15; Inoue et al., 2009; Lee et al., 2009) . Therefore, the form of Fe translocated throughout the rice plant may vary, necessitating specific and distinct patterns of YSL expression in each species.
The brachypodium and rice members of the second largest clade (Fig. 1, green clade) generally seem to exhibit very similar expression profiles. BdYSL12 and BdYSL14 and OsYSL12 and OsYSL14 transcripts were detected in shoots and roots, and Fe status did not affect their expression ( Fig. 5A ; Koike et al., 2004; Inoue et al., 2009) . Transcript levels of BdYSL5, BdYSL10 and BdYSL11 and orthologous rice members OsYSL10 and OsYSL11 were either very low or not detected (Inoue et al., 2009) . BdYSL13 and OsYSL13 expression in both roots and shoots was reduced in response Fe deficiency (Fig. 5A) (Koike et al., 2004) . The similar expression profiles of grass-specific YSL genes in this clade suggest that these YSLs could be functioning in a similar fashion among grass species.
Our aim in this study was to introduce and establish brachypodium as a new model system to study Fe deficiency responses in grasses. Therefore, we analysed the pattern of PS secretion, and the types of PS secreted by brachypodium plants under Fe starvation. Like wheat and barley, brachypodium secretes PS with a distinct diurnal rhythm (Tagaki et al., 1984; Romheld and Marchner, 1986; Ueno et al., 2009) . Furthermore, our HPLC analysis revealed that brachypodium plants secrete three types of PS, i.e. epiHDMA, DMA and HDMA, the latter of which is the major Fe(III)-chelating compound secreted by brachypodium (Fig. 7) . These types are similar to those secreted by Lolium perenne (Ueno et al., 2007) . It is supposed that epiHDMA and HDMA are synthesized from DMA by hydroxylation at the C-3 position by the activity of IDS2 [the protein encoded by Iron Deficiency Specific Clone 2 (Nakanishi et al., 2000) ]. The protein encoded by Iron Deficiency Specific Clone 3 (IDS3) hydroxylates the C-2' position of DMA, converting DMA to MA (Nakanishi et al., 2000; Kobayashi et al., 2001) . Our results demonstrated that MA is not one of the types of PS secreted by brachypodium. Accordingly, a TBLASTN search using the amino acid sequence of barley IDS3 against the brachypodium genome indicated that brachypodium lacks IDS3 orthologues.
Brachypodium is a new model plant that will serve as a model for functional genomics studies in grasses. Here we demonstrate that brachypodium represents a facile model to investigate Fe homeostasis in grasses. Our phylogenetic analysis described the members of the BdYSL family and their phylogenetic relatedness to YSL families of rice and maize. Furthermore, the low expression of all grass-specific BdYSLs in vegetative tissues suggests that these YSLs could have highly specialized roles, perhaps in reproduction, that do not occur in non-grass species. Regulation of the BdYSL genes by Fe status suggested roles for these transporters in Fe metabolism.
